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I -INTRODUCTION
Ceramic thermal barrier coatings (TBCs) deposited by plasma spraying at ambient atmosphere are now widely used in diesel engines, gas turbines and aeroengines. If the conditions of adiabatic engines is by far not yet reached TBCs have extended the service lifetime of the engines, allowed operation with lower quality fuels and reduced the cooling requirements / l to 31. In most cases, TBCs consist of a duplex structure composed of a superalloy bondcoat (usually sprayed with the LPPS process) and a 7% wt yttria stabilized zirconia (partially stabilized zirconia : PSZ) coating. However, many works are still under developement to improve the mechanical properties and thermal shock resistance of TBCs. These properties, among other parameters, depend on the molten state of the particulates upon impact onto the substrate or the previously deposited layers 141. The coating is built up particulate by particulate and it has a lamellar structure resulting from the flattening of particulates on already sol idif ied flattened particulates or the substrate. Thus the thermomechanical properties of the coatings depend strongly on the effective contacts between the lamellae and the cracks network resulting from stresses relaxation (stresses induced during spraying or in service conditions). In turn such contacts and cracks network are controlled by :
-heat and momentum transfers to the particulates during their flight in the plasma jet which depend on the plasma jet itself (length, diameter, gas nature, plasma jet surrounding atmosphere), the particle morphology ( i .e. the way they are manufactured) and the powder size distribution, -the way substrate and deposited layers are cooled down and their temperature controlled during spraying.
Up to now the best TBCs (good resistance to thermal shock and destabilization upon service conditions, best mechanical properties) have been obtained when spraying ZrO, -Y,O, Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1990540 (7% wt) powders with Ar -H, dc plasma jets /5 to 121. Thus this paper is devoted to the study of the influence on the thermomechanical properties (Vickers hardness, porosity, expansion coefficient, thermal diffusivity) of such coatings of the powders morphology (manufacturing process) and size distributions as well as plasma jet power levels. The obtained thermomechanical properties will be linked to the velocity and surface temperature distributions of the particulates in flight controlling their molten state upon impact.
11 -EXPERIMENTAL SET-UPS 11.1. Spravina equipment Deposits are sprayed with a home-made automated set up. The substrates (disk shaped samples = 20 mm, e = 0.5 mm) are at the periphery of a 120 mm diameter cylinder which axis is orthogonal to that of the torch rotating velocity can be adjusted from 0 to 2880 rpm. The torch movement, parallel to the cylinder axis, is controlled with an Uhing device permitting linear velocities between 0 and 0.4 mlsec. Torch substrate distance can be adjusted between 70 and 150 mm.
The plasma torch used was a home made one with axial gas injection and a cylindrical nozzle whose length is 28 mm and diameter is 8 mm.
Powder and coatinq characterizations
The morphology of the particles has been characterized by inspecting their surface or their cross section with either a scanning electron microscope (SEM) or an optical one (OM). Powder size distribution has been controlled by sedigraphy (type 5000 D Micrometric machine) or image analysis working with the 2.2 code of the Olympus Cue 2 image analyser. Their density was determined by the pycnometric method and their cristalline structure by RX diffraction with a Rigaku diffractometer. Mechanical properties have been evaluated considering microhardness measurements with a 5 N load applied during 10 s ; this load has been chosen to evaluate the cohesiveness of the whole deposit and not that of particular grains or lamellae.
Last l y deposit thermal behaviour has been considered with thermal expansion and diffusivity measurements. Thermal expansion measurements have been performed with an Adamel Lhomargy type D10 apparatus with heating and cooling rates of 10O0C/hour between 20 and 1500°C. Thermal diffusivity has been measured (with the same heating rate as that for expansion measurements) with the laser flash technique which has been developed at the laboratory by Pawlowsky 1131.
Particulates in fliqht
The measuring equipment to follow the particles in flight into the plasma jets consisted of an automated laser doppler or dual focus velocimeter and a two color in-flight pyrometer. Counting the number of particulates passing, during a given time, in one of the focused volume of the laser velocimeter and moving this measurement volume along two orthogonal directions made possible the determination of the particles flux distribution in the plasma jet. A detailed description of the used techniques and apparatus is given in ref.
1141.
111 -SPRAYING CONDITIONS 111.1. Plasma torch and spravina distance Most of the companies spray zirconia particulates by using 6 mm diameter nozzles with typical gas f lowrates of 45 slm Ar, 12 slm H,. For the same gas f lowrates, an arc current .of 350 A, a shift of the nozzle diameter from 6 mm (83 V) to 8 mm (80 V) results in a decrease of the maximum particulates velocity (- showing that with the higher flowrate the particulates number distribution is better centred along the jet axis with a broader temperature distribution. Of course these two flowrates have not the same hydrogen percentage (respectively 20 ahd 17%) but the plasma jet temperature measurements performed by Roumilhac I151 have shown that if the plasma jet length increases with the H, percentage up to 15% it starts to decrease for percentages higher than 20%. This is due to the reduction of the plasma jet viscosity inducing a higher pumping of the surrounding air. Moreover the heat transfer from an Ar -H, mixture is almost the same for H, percentages between 15 and 20% 1161.
The maximum power level has been limited to 40 kW. Indeed the length of the 50 kW plasma jet is almost identical to that of the 35 kW 1151 due to the increase in surrounding air pumping with the arc current 1171.
For a rotation velocity of the substrate holder of 13.6 mls and a torch translation velocity of 0.03 mls, the substrate and coating have been cooled down during spraying with two air jets, one orthogonal to the plasma jet disposed 1 cm in front of the substrate (13 m3/h) and the other flowing at the surface of the sample holders (4 m31h). In such conditions the coating surface temperature is kept below 160°C during spraying with temperatures gradients of 450 Klmm in the first 0.3 mm.
Spraying at various distances with the -45 + 10 Vm fused and crushed particulates has given the following hardnesses. Thus finally the retained spraying conditions were the following. The presence of monoclinic phase in the coatings sprayed with agglomerated powders (up to 15% when spraying -90 + 45 pm particulates at 28 kW) is very detrimental for their service conditions as illustrated by the thermal expansion measurements with agglomerated -106 + 10 pm particulates sprayed at 40 kW (see fig. 1 ).
Fisure 1 : Expansion measurement of agglomerated powders (-106 + 10 pm) sprayed at 40 kW.
(a) as sprayed -(b) annealed for 72 hours at 1200°C.
For fused and crushed particulates destabilization occurs at 1350°C when sprayed at 40 kW and at 1300°C for agglomerated and sintered particulates. Thermal diffusivity of as sprayed agglomerated powders are lower than those of agglomerated and sintered ones which are also a bit lower than fused and crushed ones. Fig. 2 Of course when sprayed at a lower power level in all the cpses the diffusivity is lower by almost 15 to 20%. When annealed for 100 h at 1450°C (with all the coatings destabilized) the diffusivity of all the coatings becomes the same. This is probably due to the improvment of the interlamellar contacts. When annealed at 1200°C slight differences can still be seen.
V -STUDY OF THE PARTICULATES MELTING

V.1. Modellinq
Using the temperature distribution measured by Roumilhac /15/, calculating the plasma gas velocity distribution (assuming V/V-= l -(rlr-)P and determining n and V , , by the total gas flowrate and enthalpy conservation) and taking into account the heat propagation phenomenon, it has been possible to determine the temperature evolution of the surface and the center of particulates (depicted in fig. 3 ) for 30 and 60 pm diameter particulates. 
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Fiaure 3 : Surface and center temperature evolution along their mean trajectory of fused and crushed particulates injected in the 29 kW
Ar -H, plasma jet, respectively for 30 and 60 pm particulates.
It can be seen that, even at the lowest power level, the 30 um particulates are completely molten while the bigger ones are hardly molten. This is in good agreement with the obtained hardness values (see table 1 ). It is also interesting to notice that the 106 + 10 vm gives much better results than the -90 + 45 pm one. This is. due to the presence of small particulates which, even when travelling in the jet fringes, are well molten and help for the contacts between the lame1 lae.
However the porosity of the powders has also to be taken into account for the heat propagation phenomenon. This is illustrated in fig. 4 where it can be seen that the difference between surface and center temperature is enhanced when a porous particulate (50% porosity) is considered. Fiaure 4 : Surface and center temperature evolution versus time for a 60 pm diameter zirconia particulate immersed in an infinite plasma at 1OOOOK respectively for dense and agglomerated part iculates (50% porosity) .
V.2. Measurements in f liuht
They have been performed 75 mm downstream the nozzle exit. Figure 5 .a and b show respectively the radial velocity and surface temperature distributions for fused and crushed particulates with the three size ranges in a slice of the plasma jet 75 mm downstream the nozzle exit. As it could be expected, the highest velocities (see figure 5.a) correspond to the smallest particulates. As the measurements are statistical ones, the velocities obtained with the 106 + 10 pm are higher than those with the -90 + 45 pm particulates. This is due to the presence of the small particulates that, even when travel1 ing in the periphery of the jet, have higher velocities than the big ones. For the surface temperature (see fig. 5 .b), the same tendencies can be observed, the presence of small particulates in the -106 + 10 pm distribution increasing their mean temperature compared to that of the -90 + 45 pm. Similar results are shown in figure 6 (a and b) for agglomerated particulates. For velocity, the remarks are the same as those for fused and crushed particulates. It is to be noticed that, at the measuring distance, the smallest inertia of the agglomerated particulates has already reduced the velocity difference between fused and crushed and agglomerated particulates. For surface temperatures (see figure 6. b) , the lowest values are obtained with the smallest particulates. When heating agglomerated particulates, the heat propagation phenomenon is enhanced (see figure 4) especially for the big ones but the smallest particulates are heated at much higher temperatures (more than 1000 K). With the smallest particulates, which viscosity is high, the gas included in pores can escape, resulting in porous but completely molten particulates, as shown by the measurement of Bernard 1191, on the contrary with the biggest particulates the included gas blows up the molten surrounding shell, suppressing any contacts with their central core which is not heated at all, as confirmed by the SEM examinations of their cross sections. Thus, the molten shell of the bigger particulates is overheated compared to the small ones, which have also a lower residence time. This explains the higher temperature obtained with the big particulates. It is also worth to notice that the fused and crushed particulates have a shape factor in the range 0.5-0.7 and thus the size range, measured by image analysis is overestimated, the fused and crushed particulates being in fact smaller than the given size range. This induces higher surf ace temperatures than excepted, especially for the smal l ones. However for the -45 + 10 pm distribution the velocities are in the following decreasing ordre : agglomerated, fused and crushed, agglomerated and sintered while the surface temperatures are successively agglomerated and sintered, fused and crushed, agglomerated. When trying to correlate these results to the Vickers hardnesses (see table l), it can be seen first that the highest hardnesses (whatever may be the size distribution) are obtained with the fused and crushed particulates. Agglomerated particulates have. lower hardnesses, especially for the -90 + 45 pm ones at 28 kW. When the power level is raised to 40 kW the results are much better for agglomerated particulates and considering cross sections of the particulates it can be seen that the porosity is reduced. Probably this is due to the higher temperature of the particulates, inducing a lower viscosity of the molten she1 l and thus a better evacuation of the trapped gases. Surprisingly if the melting of the agglomerated and sintered particulates is better than that of the agglomerated ones at 29 kW (where the measurements in flight were performed) as confirmed by the hardness measurements, lower hardnesses than with agglomerated particulates are obtained with the 40 kW power level and at the moment no explanation has been found for that. However the heat treatment of the agglomerated and sintered particulates seems to be better than that of the agglomerated ones when considering table 5 where it can be seen that, except for 28 kW, no destabilization (according to the precision of the X ray measurements) occurs even after annealing at 1200°C during 72 h which is not the case of the. agglomerated powders. O f course whatever may be the morphology, the best results are obtained with the -45 + 10 pm distribution. After annealing (1200°C during 100 h) almost all the coatings have similar hardnesses. The as sprayed thermal diffusivity values follow about the same trend as that of the hardnesses except that the differences are much lower (a maximum of 20% between the lowest and the highest values).
V1 -SUMMARY AND CONCLUSION
This work was devoted to a better understanding of the parameters controlling hardness of plasma sprayed zirconia coatings partially stabilized with yttria. The coatings were sprayed with a home made plasma torch with a cylindrical nozzle 8 mm in diameter and with an axial injection of the plasma gas. The plasma gas total f lowrate was 90 slm with 75 slm Ar and 15 slm H,. The coating and substrate were cooled down during spraying with two air jets : one blown orthogonally to the plasma jet before the substrate and the other directly at the surface of the coating. A spraying distance of 8 mm was chosen as that giving the highest hardness.
Three size distributions were studied : -45 + 10, -90 + 45, -106 + 10 pm as well as three different morphologies : agglomerated, agglomerated and sintered, fused and crushed powders. Two power levels were used : 29 and 40 kW, the spectroscopic study of the plasma jets showing that for currents higher than 550 A (about 43 kW) the length of the isotherms was no more increasing with the arc current due td the increased pumping of the surrounding air.
The behaviour of the particulates depends very strongly on their morphology, the best results (highest as sprayed hardness, highest resistance to destabi l ization) being obtained with dense particulates i.e. fused and crushed ones. For these dense particulates thermal diffusivity is also the highest but less than 20% of the lowest values. With these fused and 
